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ABSTRACT
The purpose of this study was to determine marijuana dose-
effects on subjective and performance measures over a wider
dosage range than previously reported using technology which
allowed for specification of both the volume and 9-tetrahydro-
cannabinol (THC) content of smoke delivered, and to relate these
effects to plasma THC levels. Seven male community volunteers,
who were moderate users of marijuana, smoked 4, 1 0 or 25
puffs from cigarettes containing either 1 .75 or 3.55% THC on 6
separate days. Postsmoking plasma THC levels were system-
atically related to both number of puffs and cigarette THC
content. Maximal THC levels occurred immediately after smoking
and ranged from 57 to 268 ng/ml. These plasma levels provided
a measure of systemic delivery when a known volume and THC
content of marijuana smoke was inhaled. Orderly dose-related
increases were also observed for heart rate, expired air carbon
monoxide and subjective report of drug effects. The 25-puff,
3.55%-THC condition produced greater plasma THC levels than
previously reported and reliably impaired performance on a bat-
tery of psychomotor and cognitive tasks with substantial individ-
ual differences noted in the degree of performance impairment.
Puff number/THC content combinations producing comparable
plasma THC levels resulted in similar subjective effects and
performance impairment. This study provided a comprehensive
assessment of the pharmacological effects of smoked marijuana
over a wider and more precisely controlled dosage range than
has been accomplished previously. The study showed that sub-
jective measures were more sensitive to marijuana effects than
were performance measures at mean plasma THC levels of 170
ng/ml or lower and that large individual differences in extent of
performance impairment were apparent at higher plasma THC
levels.
Marijuana is the most widely used illicit drug in the United
States, and smoking is the most common means of adininistra-
tion (U.S. DHHS, 1989). Short-term effects of smoked man-
juana including tachycardia, impaired memory and attention
and subjective reports of euphoria have been well documented
(Mendelson, 1987). However, precise dosing is difficult with
inhaled drugs, primarily because of individual differences in
smoking behavior. In order to specify the dose of smoked
marijuana, both the volume and THC content of smoke dcliv-
ered must be known. One common method used to modulate
dose is to use cigarettes differing in THC content and instruct
subjects to smoke ad ithitum to a desired “high” (Borg et at.,
1975; Cone et aL, 1986; Kiplinger et at., 1971; Miller and
Cornett, 1978). In this approach, there is no control or meas-
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urement of delivered dose. Other studies have described paced
smoking procedures in which smoking behaviors such as
breathhold duration and puff spacing were controlled, but in
some cases have failed to report the number of puffs taken
(e.g., Barnett et at., 1985; Marks and MacAvoy, 1989; Moskow-
itz and McGlothlin, 1974). Puff and inhalation volume are
rarely measured. Thus, one limitation of previous dose-effect
studies is that the volume of delivered smoke has not been
specified. More precise control over smoked marijuana dosage
delivery would be desirable for the determination of accurate
dose-response functions.
A second limitation of previous studies is that the dosage
range produced by altering cigarette THC content may be
relatively narrow. For example, Perez-Reyes et at. (1982) found
no significant difference in plasma THC concentration when
subjects smoked cigarettes containing 1.32 vs. 1.97% THC
(peak levels of 100 and 120 ng/ml, respectively), whereas a
2.54% THC cigarette produced peak plasma levels of 163 ng/
ml. This may account, in part, for the difficulty that some
previous studies have encountered in distinguishing among
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active marijuana doses when cigarette THC content was ma-
nipulated (Heishman et aL, 1988, 1989; Higgins and Stitzer,
1986; Nemeth-Coslett et at., 1986). In addition to varying THC
content alone, one strategy for administering a wider dosage
range is to alter the number of puffs smoked. For example,
Chait et at. (1988a) reported orderly subjective and performance
effects of smoked marijuana during a cumulative dosing pro-
cedure in which the number of puffs varied from 0 to 8.
A final limitation of previous studies of smoked marijuana
effects is that few have measured postsmoking plasma THC
levels. In fact, only two published studies have administered
more than one active dose of marijuana to humans and meas-
ured resultingplasma THC levels (Heishman et at., 1990; Perez-
Reyes et ciL, 1982). This relative lack of plasma THC data,
combined with the dosing problems discussed above, leaves
considerable uncertainty about actual dosages delivered. This,
in turn, makes it difficult to reach conclusions about relation-
ships between dose, plasma THC levels and the pharmacolog-
ical effects of smoked marijuana.
The present study extended previous observations of smoked
marijuana effects by investigating a wider range of doses, more
precisely controlling dosage delivery, and measuring plasma
THC levels. In the present study, dose was varied over a wide
range by having subjects smoke 4, 10 or 25 puffs from cigarettes
containing either 1.75 or 3.55% THC. All aspects of smoking
behavior were controlled including number of puffs, puff vol-
ume, inhalation volume, breathhold duration and interpuff
interval (Zacny et aL, 1987). Measurement of plasma THC
levels after smoking thus provided an index of systemic delivery
of a known volume and THC content of marijuana smoke. A
complete profile of dose-response and time-course data was also
obtained by measuring the effects ofmarijuana on physiological
indices, subjective reports and performance on several cognitive
and psychomotor tasks.
Methods
Subjects. Participants were 7 healthy, male community volunteers
ranging in age from 19 to 28 years (mean = 24.1, S.D. = 3.5). They
were recruited through newspaper advertisements and were paid
$10.00/hr. Before the study, subjects were medically examined and
interviewed about current and prior use of psychoactive drugs. All
subjects reported past and current use of tobacco, alcohol and man-
juana. Four subjects reported prior use of cocaine, four had used
hallucinogens, three reported use of benzodiazepines and one had
experimented with opiates, phencyclidine and amphetamine. All sub-
jects reported current use of marijuana, ranging from 2 to 14 times per
week (mean = 5). No subject reported current use of other illicit drugs.
Experimental procedures. Before the study, subjects practiced a
battery of computerized performance tasks for 1 to 2 hr until stable
performance was achieved. Theywere also trained to attain the required
puff and inhalation volumes using placebo marijuana cigarettes during
one or two sessions of smoking practice. Subjects then participated in
7 experimental sessions, during which they received either 4, 10 or 25
puffs from cigarettes containing either 1.75 or 3.55% THC. Instead of
placebo smoking sessions for each of three puff number conditions, we
chose to include as a control a randomized no smoking session during
which measures were taken at the same intervals used in the smoking
sessions. Conditions were presented in counterbalanced order according
to a Latin square design. Neither subjects nor staff were aware of the
THC content of the cigarettes. Subjects were not told in advance the
number of puffs that would be smoked during that day’s session, but
continued taking puffs until told to stop by the experimenter. Subjects
were instructed not to drink alcohol for 24 hr or smoke marijuana for
48 hr before a session and to abstain from other illicit drug use during
the study. To encourage compliance, subjects were given urine and
breathalyzer tests immediately before each session. One subject tested
positive for benzodiazepines on three occasions, and another subject
was positive for cocaine once. Data from these sessions were included
in analyses.
At the start of each session, an i.v. catheter was inserted in an
antecubital vein, and subjects were connected to the heart rate monitor
and smoking topography equipment. The first blood sample was ob-
tamed, a computerized battery of subjective reports and performance
tasks was completed, base-line heart rate was recorded and the pre-
smoking expired air CO sample was collected. Smoking then began
and, immediately after the last puff, the second blood sample and
expired air CO sample was obtained, postamoking heart rate was
measured and the battery of subjective reports and performance tasks
was completed. Blood samples were obtained and the task battery was
repeated 15, 30 and 45 mm after smoking ended. Additionally, blood
samples were obtained during smoking in the 10-puff conditions (after
the 4th puff) and the 25-puff conditions (after the 4th and 10th puffs).
It should be noted that because ofthe administration procedure, testing
times as measured from the start of smoking varied across puff number
conditions. Subjects remained at the laboratory under staff observation
until they were no longer intoxicated.
Marijuana cigarettes. Marijuana cigarettes were supplied by the
National Institute on Drug Abuse (NIDA) Research Technology
Branch. The cigarettes were approximately 85 mm in length x 25 mm
in circumference and contained either 1.75 or 3.55% THC, as assayed
by NIDA. The high THC content cigarettes averaged 751 mg in weight
(range = 670-906 mg) and the low THC content cigarettes weighed an
average of 832 mg (range = 789-924 mg). At least 12 hr before a
smoking session, the moisture content of the cigarettes was raised by
placing them above a saturated sodium chloride solution in a closed
humidifier.
Smoking topography measures. The smoking topography system
originally developed for tobacco cigarettes has been described in detail
elsewhere (Zacny et al., 1987). An Apple lie microcomputer recorded
the following puffing and respiratory parameters: interpuff interval,
puffduration, puffvolume, inhalation volume and breathhold duration.
The cigarettes were inserted into a plastic mouthpiece modeled after
an ADL dosimeter (Arthur D. Little, Inc.; Cambridge, MA) which was
connected to a pressure-sensitive switch that monitored puff onset and
offset. The mouthpiece was also connected to a pressure transducer
that detected pressure changes in the smoke flowing through the
mouthpiece. The pressure changes were proportional to the rate of
smoke flow, and this was integrated by the Apple lie over the duration
of the puff, yielding puff volume. The system was calibrated weekly by
drawing 50 ml of air from an unlit tobacco cigarette into a syringe. If
the measured puff volume differed by more than 3 ml, the system was
adjusted.
Respiratory parameters were measured with a respiratory inductive
plethysmograph (Respitrace; Non-Invasive Monitoring Systems, Inc.;
Ardaley, NY). Elastic cloth bands with induction coils were placed
around the subject’s thorax and abdomen and connected to the Respi-
trace. Breathing produced a changing electrical signal, which was
digitized and used by the Apple lie to determine inhalation volume.
The relationship between chest movements produced by breathing and
actual inhalation volumes was determined before each session by
having the subject breathe in and out of a small plastic bag containing
800 ml of air. To control for different lung sizes, inhalation volumes
used in the smoking sessions were based on percent of VC. VC was
determined by having subjects inhale as deeply as possible and exhale
into a water spirometer (Vitalometer; Warren E. Collins, Inc.; Boston,
MA).
Control over puff and inhalation volumes and breathhold duration
was accomplished by means of a feedback system. When the required
puffvolume was reached, the Apple lie sounded a tone, which signalled
the end of puffing and the start of inhalation. When the required
inhalation volume was reached, a second tone signalled subjects to stop
inhaling and to start holding their breath. A third tone signalled
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subjects to exhale. In this study, puff volume, inhalation volume and
breathhold duration were held constant at 60 ml, 25% VC and 10 eec,
respectively. The interpuff interval (60 see) was timed by the experi-
menter, who verbally instructed subjects to begin each puff.
Co and heart rate. Expired air CO samples were obtained by
having subjects fully inhale, exhale, inhale again and hold their breath
for 15 see, and then exhale successively into two 1-liter polyvinyl bags.
The CO content of the second bag was measured in ppm with an
Ecolyzer 2000 (Energetics Science; Elmsford, NY). Heart rate was
measured using three silicon EKG electrodes (NDM Corp.; Dayton,
OH) placed on the right deltoid muscle and second and fifth intercostal
space. The electrodes were attached to an EKG monitor and Schmitt
trigger, which sent a pulse to the Apple lie at the start of an R-wave.
The computer timed the interval between pulses and calculated an
average rate each minute.
Plasma THC. An i.v. catheter was implanted in an antecubital vein
of the subject’s nondominant arm. There were four to seven blood
samples (5 ml each) collected during experimental sessions. After each
session, plasma was separated and immediately frozen. Plasma samples
were subsequently sent to the Research Triangle Institute (Research
Triangle Park, NC) for radioimmunoaesay of THC content (Cook et
al., 1982). The between-mn precision of the assay was 4.4 and 4.2% at
8.0 and 30.0 ng/ml THC, respectively.
Subjective measures. Subjective effects on 10 dimensions (high,
stoned, drunk, impaired, energetic, clear-headed, anxious, sluggish,
confused and relaxed) were measured using a visual analog scale on the
video monitor of the Apple lie computer. The 15-cm horizontal line
was marked “Not at all” on the left and “Extremely” on the right, and
subjects responded by moving a cursor along the line with a joystick.
Performance measures. Three computerized tasks were per-
formed in the following order: 1) forward and reverse digit span was
used as a measure of memory recall; 2) DSST provided measures of
coding speed and accuracy; and 3) divided attention task, which in-
volved simultaneous visual search and motor tacking, was similar to
tasks of divided attention previously shown to be sensitive measures of
marijuana effects (Barnett et aL, 1985; Marks and MacAvoy, 1989;
Perez-Reyes et aL, 1988) The forward digit span task involved pres-
entstion of seven numeric sequences on the video monitor. The first
sequence consisted of three digits, and each successive sequence in-
creased by one to a length of nine digits. Digits were presented one at
a time at a rate of 1/sec. After the last digit of each span, subjects had
15 sec to enter the digits in the order presented using a numeric keypad.
The reverse digit span was essentially the same as the forward task,
except subjects entered the digits in reverse order ofpresentation. This
task started with a two-digit span and ended with eight digits. In both
tasks, total number of correct spans during the trial, longest correct
span and largest number of consecutive correct spans before an error
were recorded.
The automated version of the DSST has been described (McLeod et
51., 1982). Briefly, randomly selected digits appeared in the center of
the video monitor. Subjects used a numeric keypad to reproduce a
geometric pattern associated with the digit by using the digit-symbol
code presented continuously at the top ofthe screen. Each digit-symbol
association constituted one response. Subjects were instructed to make
as many accurate responses as possible during the 90-sec task. Number
of attempted and correct responses was recorded.
The 2-mm divided attention task contained pursuit tracking and
visual search components. In the tracking component, subjects followed
a moving diamond target (9 x 9 mm) on the video screen with a
joystick-controlled cross (6 x 6 mm). The target moved at a rate of 1.3
cm/sec within a 13.4 x 9.3-cm area in the upper half of the monitor.
The target made a 90’ directional change when it had travelled a
randomly determined distance, which varied between 0.27 and 6.6 cm.
The integrated mean distance off target was measured in pixels. Con-
currently, in the visual search component, subjects searched four digits
for a target digit. Each of four digits was displayed in one corner of a
16 x 3-cm rectangular area in the lower portion of the monitor, and
the target digit was displayed continuously in the center. One of the
four corner digits changed every 2 sec. When the target digit was
identified, subjects pressed a button on the joystick. Number of re-
sponses, number of correct responses and latency to respond were
recorded.
Data analysis. Data for expired air CO, heart rate and smoking
topography measures were collected only during the six smoking see-
sions and were analyzed with two-factor (THC content x number of
puffs), repeated measures analysis of variance (ANOVA). The differ-
ence in expired air CO levels from presmoking to postemoking was
used as the measure of CO increase. Heart rate change was Calculated
by subtracting the average of the 3 rain immediately before smoking
from the average of the 3 rain immediately after smoking. Smoking
topography measures were averaged over the number of puffs for each
condition. Plasma THC, subjective report and task performance data
were analyzed using two-factor (puff number/THC content condition
x time postsmoking) ANOVA that included the no smoking (0-puff)
condition. Huynh-Feldt-adjusted significance levels are reported for
the repeated measures analysis as a correction for violations of sphe-
ricity. Post hoc analysis used the Tukey method to compare individual
condition means. Results of all statistical tests were considered signif-
icant at P < .05.
Results
Smoking topography. Mean smoking topography data for
each condition are presented in table 1, which shows that the
computerized feedback system produced smoking parameter
values virtually identical to those dictated by the experimental
design (puff volume = 60 ml; inhalation volume = 25% VC).
There were no significant differences between any of the puff
number/THC content conditions for any of the smoking meas-
ures. Thus, our procedures were effective in preventing subjects
from altering their smoking behavior, as has been previously
reported (Heishman et aL, 1989; Herning et aL, 1986).
Co and heart rate. Figure 1 (top panel) shows expired air
CO as a function of number ofpuffs and cigarette THC content.
There was a significant increase in CO immediately after smok-
ing as a function of number of puffs (P < .001) and cigarette
THC content (P < .05). Post hoc analysis indicated that CO
increase after 25 puffs was greater than that after 10 or 4 puffs
for both THC content conditions. After 25 puffs, CO increase
was marginally lower from the 3.55% THC cigarettes (mean =
40.2 ppm) compared to the 1.75% THC cigarettes (mean = 48.5
ppm). Heart rate data were only available for the 10- and 25-
puff conditions due to equipment malfunction. Average base-
line heart rate for these conditions was 73.8 beats per mm (S.D.
= 11.0). Heart rate increase immediately after smoking was
11.6, 24.4, 26.7 and 36.1 beats per min for the 10-puff low-
TABLE 1
Marijuana smokIng topography
Table shows mean (N - 7, S.E. below in parentheses) topography measures for
the 6 marIjuana dosing conditions: 4, 10 and 25 puffs from cigarettes contning








































































































Fig. 1. Expired air CO increase from presmoking baseline to immediately
after smoking (top panel) and plasma THC level immediately after smok-
ing (bottom panel) as a function of cigarette THC content and number of
puffs. The 0-puff condition (0; bottom panel) is the no smoking control
session. Each data point represents the mean ± S.E. of seven subjects.
If the SE. is not Visible, it was less than the radius of the symbol. Lower
case letters next to data points indicate Tukey post hoc test results;
data points not sharing a common letter are significantly different (P <
.05); those with common letters are not significantly different.
THC, 10-puff high-THC, 25-puff low-THC and 25-puff high-
THC conditions, respectively (THC content effect, P < .05;
puff number effect, P < .01).
Plasma THC. Table 2 shows mean plasma THC levels
obtained at each sample collection time for each active dosing
condition. Plasma levels increased systematically during smok-
ing as more puffs were taken within each THC content condi-
tion. In all conditions, maximal concentrations were observed
immediately after smoking and then declined rapidly. Analysis
of postsmoking plasma levels showed significant main effects
of condition (P < .001) and time (P < .001) and a significant
condition X time interaction (P < .001). Figure 1 (bottom panel)
shows maximal plasma THC levels, which ranged from 57 ng/
ml in the 4-puff low-THC condition to 268 ng/ml in the 25-
puff high-THC condition. Post hoc comparisons of maximal
plasma levels indicated that all smoking conditions resulted in
significantly greater levels than that of the no smoking (0-puff)
condition (4.0 ng/ml). Nearly equivalent plasma levels were
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produced by 4-puff high-THC and 10-pufflow-THC conditions
(89.4 and 98.6 ng/ml, respectively) and by 10-puff high-THC
and 25-puff low-THC conditions (172.6 and 171.9 ng/ml, re-
spectively). The 25-puff high-THC condition produced plasma
concentrations that were significantly greater than all other
conditions. At 45-mm postsmoking, plasma THC levels had
decreased 70 to 87% compared to peak concentrations. It is
clear from table 2 that detectable levels remained at 45-mm
postsmoking in virtually all conditions.
Subjective measures. Significant condition effects (P <
.01) were obtained on 7 of 10 analog scale items: high, stoned,
impaired, sluggish, confused, clear-headed and relaxed. Figure
2 shows data from six of these seven items. Items without
significant effects were drunk, energetic and anxious. Subjec-
tive ratings of high, stoned, impaired, confused and sluggish
increased as a function of number of puffs, whereas ratings of
clear-headed decreased. Ratings of relaxed increased slightly
after 4 puffs and decreased after 10 and 25 puffs (data not
shown). Subjective items differed in the number of dosing
conditions that produced scores significantly different from the
0-puff control condition. For relaxed (data not shown), no
scores were different from control. For sluggish, only scores
from the highest dose condition (25-puff high-THC) differed
from control. For confused, scores from 2 doses (10- and 25-
puff high-THC) were significantly elevated, whereas for clear-
headed, scores from the three highest doses (10-puff high-THC
and both 25-puff conditions) differed significantly from 0-puff
control. For impaired, 4 dosing conditions (both 10- and both
25-puff conditions) produced significant increases, and for high
and stoned, all doses except the 4-puff low-THC produced
significant elevations. In general, subjective ratings for the 25-
puff high-THC condition were significantly different from both
4-puff conditions, and scores for the 3 intermediate doses (10-
puff low- and high-THC; 25-puff low-THC) did not differ
significantly from each other. Significant THC content com-
parisons were observed in only 5 of 21 tests (3 puff number
conditions x 7 significant items). Four significant THC content
differences were observed in the 25-puff condition (confused,
sluggish, high, impaired) and 1 in the 4-puffcondition (stoned).
TABLE 2
Psma ThC
Table shows mean (N = 7, SE. below in parentheses) plasma THC leVelS (nano-
grams per milllllter)for each sample collection time point for the 6 marIjuana dosing
conditions: 4, 10 and 25 puffs from cigarettes containing 1 .75 or 3.55% THC. The
only samples Obtained during smoking were collected after the 4th puff in the 10-
puff conditions and after the 4th and 10th puff in the 25-puff conditions.
1.75% ThC 3.55% THC
Measrement Tine Point
4 10 25 4 10 25
PresmokingBaseline 1.8 1.2 1.8 2.1 2.4 2.0
(0.7) (0.6) (0.9) (1.0) (1.2) (0.6)
During Smoking
After 4th puff 62.9 55.3 78.8 93.7




0 56.9 98.6 171.9 89.4 172.6 268.4
(9.0) (15.2) (20.2) (15.2) (17.1) (47.1)
15 18.3 34.2 84.5 31.0 76.1 134.3
(2.7) (5.1) (9.7) (5.4) (8.6) (23.4)
30 10.3 21.2 59.5 20.5 51.1 95.3
(1.8) (3.5) (6.9) (4.1) (6.1) (14.6)
45 7.7 16.2 45.2 15.9 39.8 83.8
































































Thus, the puff number variable produced larger subjective
changes than the cigarette THC content variable. Furthermore,
the positive drug effect subjective report items (high and
stoned) showed steep dose-response functions at the lower end
of the dose range (0-10 puffs).
Significant time effects (P < .05) were observed only for high
and stoned. These ratings were generally maximal immediately
after smoking and declined thereafter, although scores were
still markedly elevated above baseline at the end of the 45-min
session. Scores on other significant items representing dys-
phoric drug effects (impaired, confused, sluggish, clear-headed,
relaxed) reached maximum levels later in the session. When
average peak effect was examined across the 6 dosing condi-
tions, ratings of sluggish and confused tended to peak 30 to 45-
mm postsmoking, whereas maximal scores for impaired, clear-
headed and relaxed tended to occur 15 to 30-mm postsmoking.
Performance measures. Marijuana significantly impaired
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Fig. 2. Subjective ratings of high, stoned, im-
paired, confused, clear-headed and SlUggiSh as
a function ofcigarette THC content and number
of puffs. The 0-puff condition (0) is the no
smoking control session. Each data point rep-
resents the mean ± S.E. of 4 ratings made at
0, 15, 30 and 45-mm postsmoking for 7 sub-
_s. If the S.E. is not visible, It was less than
the radius of the symbol. Post hoc test results
are shown by letters, as described for figure 1.
performance on all measures of the forward and reverse digit
span task (P < .01), number attempted and number correct
responses on the DSST (P < .05) and visual search response
latency on the divided attention task (P < .01). Figure 3 shows
results for all tasks with significant effects as well as one
measure (divided attention: mean distance off course) that did
not reach accepted levels of statistical significance (P < .10). A
similar pattern of effects was seen across all performance
measures. There were no significant performance decrements
in the 4-puff conditions compared to the 0-puff control condi-
tion. After 10 puffs, there was a trend toward performance
impairment, which increased with THC content; however, the
only significant difference from the 0-puff control was seen on
the reverse digit span in the high-THC condition. For all
performance measures, the greatest degree of impairment was
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Fig. 3. Performance on three cogni-
tive/psychomotor tasks as a function
of cigarette THC content and number
of puffs: number of correct spans on
forward and reverse digit span (top
panel). number of attempted and cor-
rect trials on DSST (middle panel) and
response latency (visual search corn-
ponent) and mean distance off course
(tracking component) on dived atten-
tion (bottom panel). The 0-puff condi-
tion (0) is the no smoking control sea-
sion. Each data point represents the
mean ± S.E. of 4 measurements made
at 0, 15, 30 and 45-mm postsmoking
for 7 subjects. If the S.E. is not visible,
it was less than the radius of the sym-
bol. Post hoc test results are shown by
letters, as descilbed for figure 1.
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performance effects of drug and plasma THC levels immedi-
ately after smoking within the 25-puff high-THC condition.
However, few significant correlations were obtained. Energetic
(r = -.70; P < .05) and sluggish (r = .75; P < .05) were the
only subjective report items significantly correlated with peak
plasma THC levels. Striking individual differences in perform-
ance impairment were observed at the 25-puff high-THC con-
dition. Two subjects, for example, had profound impairment at
the highest dose and were unable to sustain task performance
throughout the session. Four subjects showed clear decrements
in performance levels, although they continued to respond
throughout the session. One subject’s performance was unim-
paired. However, these individual differences were not clearly
related either to peak THC plasma levels (no significant cor-
relations) or to the CO increase measure (one significant cor-
a
1 I U I
0 4 10 25
NUMBER OF PUFFS
dose condition that reliably produced impairment significantly
different from the 0-puff condition.
There were no significant time effects for any of the perform-
ance measures. However, in the 25-puff high-THC condition,
maximal impairment was observed 0 to 30 mm postamoking,
depending on the performance task. On the DSST, speed
(number of attempted responses) was maximally slowed im-
mediately after smoking ended with little further decrease,
whereas task accuracy was most impaired at 15-mm postsmok-
ing. Performance on the forward digit span task and response
latency on the divided attention task were also maximally
impaired at 15-mm postsmoking. Peak impairment on the
reverse digit span and divided attention tracking was observed
at 30-mm postsmoking.
Individual differences. Correlational analysis was used to
explore the relationships between peak subjective report and
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relation). Heart rate increase correlated with 3 (of 13) perform-
ance measures, 2 of which were from the DSST.
Discussion
This study examined dose-effects of smoked marijuana over
a wider dose range than previously reported by varying the
number ofpuffs smoked (0-25 puffs) from cigarettes containing
1.75 and 3.55% THC. Orderly dose-response effects were ob-
served on several physiological and subjective measures and, to
a lesser extent, on cognitive and psychomotor task perform-
ance. The study improved on previous methods for delivering
smoked marijuana by using technology that allowed for speci-
fication of the smoke volume delivered as well as breathhold
duration (table 1). Thus, known smoke doses could be related
to plasma THC levels as well as outcomes on subjective and
performance measures.
Plasma THC concentration revealed orderly dose-related
increases as a function of cigarette THC content and number
of puffs. Surprisingly, only two published studies have admin-
istered more than one active dose of marijuana to humans and
measured resulting plasma THC levels (Heishman et at., 1990;
Perez-Reyes et aL, 1982). Consistent with the present report,
both studies showed dose-related increases in plasma levels.
However, Perez-Reyes et al. (1982) did not find a significant
difference in plasma levels between 1.32 and L97% THC ciga-
rettes and in the study by Heishman et al. (1990), a dose-related
comparison was possible between only two subjects. Thus, the
present study has confirmed and refined these previous data by
demonstrating orderly dose-related plasma THC levels for in-
creasing number of puffs within each of two marijuana ciga-
rettes differing in THC content. Additionally, the precise con-
trol over smoking behaviors achieved in this study allowed an
accurate assessment of how a known volume and THC content
of inhaled smoke translates into a measured plasma THC level.
The number of puffs and cigarette THC content used in this
study resulted in a wide range of plasma THC levels. Maximal
plasma levels ranged from 57 ng/ml in the 4-puff, 1.75% THC
condition to 268 ng/ml in the 25-puff, 3.55% THC condition
(table 2). Several studies have reported maximum plasma THC
levels from 70 to 163 ng/ml after ad libitum smoking of 1
standard NIDA cigarette, ranging in THC content from 1.0 to
2.5% THC (Cocchetto et aL, 1981; Heishman et at., 1990;
Lindgren et aL, 1981; Ohlsson et cii., 1980; Perez-Reyes et aL,
1982). In the present study, 3 conditions (4-pufflow- and high-
THC; 10-puff low-THC) produced plasma concentrations that
were consistent with those previously reported. Two of our
conditions (10-puff high-THC; 25-puff low-THC) produced
mean plasma values at the upper end of the range previously
reported, and plasma levels achieved in the 25-puff high-THC
condition were greater than the typically reported range. In
each dosing condition, maximal plasma THC concentration
was observed immediately after smoking ended.
The dose manipulations used should theoretically have pro-
duced a 2-fold (THC content) or 2.5-fold (puff number) differ-
ence in peak plasma THC levels between adjacent conditions.
This clearly did not happen; most increases in plasma levels
were 60 to 75% of the next lower dose condition (table 2). It
should be noted that the duration of the smoking period in
each condition differed by the required number of puffs. Thus,
the time at which maximal plasma level was observed (0-mm
postsmoking) was not the same point on the plasma concentra-
tion-time curve for each condition. Because of rapid distribu-
tion of THC, the long administration period required for the
higher doses may account for the fact that increments in
observed peak THC levels did not entirely correspond to incre-
ments in doses delivered; this represents a limitation of the use
of puff number to vary dose. Additionally, whenever plasma
samples are taken at widely spaced intervals, as compared with
more frequent sampling, the observed maximal value probably
represents an approximation of the true peak plasma drug
concentration.
Marijuana produced orderly dose-related increases in expired
air CO; substantial CO increases of 40 to 50 ppm were observed
after 25 puffs. CO differences across cigarettes with different
THC content were neither expected nor observed because ex-
pired air CO is an index of the amount of smoke inhaled,
independent of the pharmacological content of the cigarette. In
general, our data support the equivalence of smoke delivery
from marijuana cigarettes of differing THC contents (Chait,
1989) and suggest that greater differences in CO increase as a
function of THC content observed by others (Heishman et aL,
1988; Nemeth-Coslett et aL, 1986) probably reflected changes
in smoking behavior, which were controlled in the present
study. Because CO exposure levels differed systematically
across puff number conditions in the present study, inhaled CO
could have contributed to drug effects observed (Bunnell and
Horvath, 1988; Gliner et a!., 1983). A puff administration
procedure that controlled for CO delivery by including puffs
from placebo cigarettes would have been desirable from this
perspective.
Increased heart rate has been shown to be a reliable, dose-
related effect of acute marijuana exposure (Chait et at., 1988a,b;
Heishman et at., 1989; Perez-Reyes et at., 1982). In this study,
heart rate increased directly as a function of plasma THC
concentration in the 10- and 25-puff conditions (data were not
available from the 4-puff conditions). Dosing conditions that
produced similar peak plasma levels of 172 ng/ml (10-puff high-
THC, 25-puff low-THC) produced virtually identical increases
in heart rate. Heart rate increases of 33 to 36% over baseline
observed in these dosing conditions were less than the 50 to
75% range reported for comparable plasma THC concentra-
tions (Cocchetto et aL, 1981; Lindgren et aL, 1981; Perez-Reyes
et aL, 1982). Indeed, the 25-puff high-THC condition, which
resulted in a peak plasma level of 268 ng/ml, produced only a
49% increase over baseline. This suggests that our 3-mm posts-
moking measurement, although revealing orderly dose-related
increases, might not have captured the maximal heart rate
increase. Alternatively, the 25-mm smoking time in the 25-puff
conditions may account for relatively small heart rate increases
due to the peak effect having already occurred during smoking
or to the possibility of acute tolerance (tachyphylaxis) devel-
opment during this period.
Orderly dose-related changes were also observed on the ma-
jority of subjective measures, including high, stoned, impaired,
clear-headed, sluggish, confused and relaxed. Items differed,
however, in the number of dosing conditions that produced
significant differences in ratings over control values, on a
continuum from no significant differences (relaxed) to five of
six dosing conditions producing significant differences (high
and stoned). The two items reflecting acute euphoria (high and
stoned) produced greater rating changes (and hence more doses
significantly different from control) than items reflecting dys-
phoric drug effects (increased confusion and sluggishness, de-
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creased relaxation). This may simply suggest that marijuana
produces more intense positive than negative mood effects.
Apparent differences in item sensitivity may also be related to
differences in time course of marijuana effects, in that scores
on the euphoria items peaked immediately after smoking,
whereas maximal score changes were more delayed for items
reflecting dysphoric effects. These results suggest that both
dose sensitivity and time course may differ across subjective
report items and that different effect profiles may be observed
for items reflecting immediate euphoric us. delayed dysphoric
drug effects.
Although subjective effects were generally dose-related, sig-
nificant differences among active dose conditions tended to be
restricted to the highest and lowest doses delivered. This was
probably due to the fact that some dosing conditions produced
overlapping plasma levels (table 2). Additionally, several other
studies have not found statistically significant differences in
subjective measures between active marijuana cigarettes differ-
ing in THC content (Chait et aL, 1988b; Heishman et at., 1988,
1989; Higgins and Stitzer, 1986; Nemeth-Coslett et at., 1986;
Perez-Reyes et aL, 1982). The results of the present study
suggest that, under acute dosing conditions, human subjects
may have difficulty discriminating between smoked marijuana
doses that produce plasma THC levels in the range of 90 to 170
ng/ml.
Marijuana produced significant performance impairment on
the digit span task and DSST in the 25-puff high-THC condi-
tion. The high plasma THC level achieved in this condition
resulted in greater impairment than normally reported for
smoked marijuana on these same tasks (Chait et at., 1985,
1988a; Heishman et at., 1988, 1989). The 25-puff high-THC
condition also impaired performance on the divided attention
task; marijuana-induced impairment on similar tasks has also
been reported (Barnett et at., 1985; Chait et at., 1988a; Marks
and MacAvoy, 1989; Perez-Reyes et a!., 1988). In general, the
present study extended observations of performance decre-
ments to higher plasma THC levels than previously reported.
In this study, nonsignificant trends toward impairment were
observed on several tasks in the 10-puff conditions. The lack
of statistical significance may be due, in part, to our small
sample size and/or to elevated variance as a result of dramatic
impairment under the highest dose condition. It is interesting
to note that psychomotor impairment was not significantly
affected at marijuana doses that produced substantial levels of
subjective intoxication. However, other types of performance
tasks may be more sensitive to performance effects at low doses
(Barnett et at., 1985; Marks and MacAvoy, 1989; Miller and
Cornett, 1978; Moskowitz and McGlothlin, 1974; Perez-Reyes
et aL, 1988).
Individual differences in performance impairment are con-
sistent with previous observations (Heishman et at., 1990;
Perez-Reyes et at., 1988), although the underlying mechanism
for these differences is not readily apparent. Exploratory analy-
sis indicated that performance decrements in the 25-puff high-
THC condition were not correlated with plasma THC levels or
CO increases immediately after smoking. Additional studies
with larger sample sizes would be desirable to examine corre-
lations between performance impairment and measures of drug
distribution and metabolism, physiological drug effects such as
heart rate and other concurrent and historical drug use vari-
ables.
The few studies that have examined the temporal relation-
ship between plasma THC levels and effects of smoked man-
juana have generally reported a 15 to 45-mm delay between
maximal measured plasma levels and peak pharmacological
effects (Cocchetto et a!., 1981; Lindgren et at., 1981; Ohlsson et
at., 1980; Perez-Reyes et at., 1982). This is consistent with the
15 to 30-mm delay in maximal performance impairment ob-
served in this and previous studies (Heishman et at., 1990;
Perez-Reyes et aL, 1988). However, in the present study, plasma
THC levels and subjective ratings of euphoric effects were both
maximal immediately after smoking. This close temporal rela-
tionship between maximalplasma THC level and peak euphoric
effect is consistent with that suggested by Heishman et at.
(1990), but does not agree with the majority of studies reporting
a delayed peak subjective effect (e.g., Ohlsson et a!., 1980). This
discrepancy with other reports may be due, in part, to differ-
ences in smoking procedures across studies. Although plasma
THC levels declined rapidly after smoking ended, subjective
ratings ofdrug effect and performance impairment were evident
throughout the 45-mm session. This is consistent with previous
studies of smoked marijuana reporting a similar dissociation
between rapidly declining plasma THC levels and pharmaco-
logical effects (tachycardia, subjective high, performance im-
pairment) that gradually returned to baseline over several hours
(Hollister et at., 1981; Lindgren et at., 1981; Perez-Reyes et aL,
1982, 1988). In fact, two recent studies have reported impair-
ment of complex performance up to 24 hr after smoked man-
juana (Heishman et ci, 1990; Leirer et at., 1991).
In summary, this study used controlled smoking technology
that allowed specification of the volume as well as the THC
content of marijuana smoke and resulted in precise dosing via
the inhalation route. Three puff number conditions were fac-
torially crossed with two cigarette THC content conditions to
evaluate a range of pharmacological effects. Dose-related
plasma THC levels were obtained; mean plasma THC levels
immediately after smoking ranged from 57 to 268 ng/ml. These
plasma levels provide an index of systemic delivery when a
known volume and THC content of marijuana smoke is inhaled.
Orderly dose-related increases were also observed for expired
air CO, heart rate and subjective reports. Both euphoric and
dysphoric subjective effects were apparent, which differed in
their dose-sensitivity and time course. Performance decrements
were apparent primarily after the highest dose (25 puffs from
a 3.55% THC cigarette). Puff number/THC content combina-
tions that produced comparable plasma THC levels resulted in
similar subjective and performance-impairing effects. A greater
mean plasma THC concentration was achieved at the highest
dose than in any previously published report and resulted in
significantly impaired performance with considerable individ-
ual response variability. Overall, this study provided a compre-
hensive assessment of the pharmacological effects of smoked
marijuana over a wider and more precisely controlled dosage
range than has been accomplished previously. The data indicate
that subjective measures were more sensitive to marijuana
effects than were performance measures at mean plasma THC
levels of 170 ng/ml or lower and that large individual differences
in extent of performance impairment were apparent at a dose
that produced higher plasma THC concentrations.
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